To understand how transcription factors direct developmental events, it is necessary to know their target or 'effector' genes whose products mediate the downstream cell biological events. Whereas loss of a single target may partially or fully recapitulate the phenotype of loss of the transcription factor, this does not mean that this target is the only direct mediator. For a complete understanding of the pathway it is necessary to identify the full set of targets that together are sufficient to carry out the programme initiated by the transcription factor, which has not yet been attempted for any pathway.
Introduction
We have been studying an example of transcriptional regulation of a morphogenetic event, the formation of the ventral furrow in the Drosophila embryo, in which the first steps of the genetic hierarchy are very well understood. The ventral furrow forms in a region covering most of the ventral side of the embryo, the mesoderm primordium, in which the nuclear accumulation of high levels of the transcription factor Dorsal leads to the transcription of two genes, snail and twist. Together these genes define the mesoderm primordium and are essential for all aspects of its differentiation and morphogenesis (Ip et al., 1992; Jiang et al., 1991; Kosman et al., 1991; Simpson, 1984) . Snail, a zinc-finger protein, acts mainly as a repressor of ectodermal genes in the region of the prospective mesoderm Leptin, 1991) . Twist, a bHLH-protein, acts as an activator for mesodermal genes. Dorsal leads to the initial low level of Snail and Twist expression, but Twist later cooperates with Dorsal to maintain high levels of Twist and Snail throughout the mesoderm. In the absence of Twist, Snail is transiently expressed in a narrow band of cells but can no longer be detected by the beginning of gastrulation (Ip et al., 1992; Leptin, 1991; Sweeton et al., 1991) .
The invagination of the mesoderm begins with a series of cell shape changes which lead to the formation of an indentation, the ventral furrow, and its subsequent internalization (Leptin and Grunewald, 1990; Sweeton et al., 1991) . In embryos mutant for snail or twist different aspects of the cell shape changes are impaired and the furrow fails to form properly; in double mutant embryos no cell shape changes occur at all and no signs of furrow formation are seen. None of the molecularly identified target genes of Twist have so far been shown to be required for ventral furrow formation (Casal and Leptin, 1996; Furlong et al., 2001; Stathopoulos et al., 2002; Taylor, 2000) . Indeed, apart from snail only one Twist target has been shown to be required for the proper progression of cell shape changes. This gene, folded gastrulation (fog), encodes a secreted peptide and is expressed in the mesoderm and the posterior endoderm (Costa et al., 1994; Sweeton et al., 1991) . Whereas fog function in the endoderm is essential, the defect in the mesoderm is transient and by the end of gastrulation the mesoderm has fully invaginated. Thus, the defects are far less severe than those observed in twist embryos, and there must therefore be other genes that act together with fog to mediate the effects of Twist on gastrulation. Yet, no other genes have been found that are essential for gastrulation.
The failure so far to identify any zygotically expressed genes other than twist or snail that are essential for the internalization of the mesoderm suggests that the most important role may be played by the genes that are already known to participate in the control of ventral furrow formation. We therefore tested to what degree the two early Twist targets, snail and fog, are able to mediate cell shape changes. We find that they are able to a significant degree to rescue the defects in twist mutants, but that other genes acting in parallel must be needed to control the timing and increase the efficiency of the cell shape changes occurring in the ventral furrow.
Results

Subtle defects in ventral furrow formation
The three known zygotically expressed genes necessary for proper cell shape changes in the ventral furrow are sna, twi and fog. In homozygous snail or twist mutant embryos, the mesoderm does not invaginate, mesodermal differentiation does not take place and no mesodermal tissues form (Leptin and Grunewald, 1990; Simpson, 1984; Sweeton et al., 1991) . If the dose of snail is reduced by half (in heterozygous sna/+ embryos), ventral furrow formation is delayed, as well as being uneven and irregular, but the invagination occurs (Fig. 1) . No such delay is seen in twist/+ embryos, but the mutant phenotype of embryos in which both twist and snail are reduced by half is stronger than that of sna/+ embryos (not shown). Nevertheless, these embryos produce a fully functional mesoderm and develop into viable and fertile adults, indicating that a delay in furrow formation is not fatal. Similarly, homozygous folded gastrulation (fog) mutant embryos show a delay in ventral furrow formation, but the mesoderm eventually ; hkb::fog embryos hybridized with RNA probes against b-galactosidase (absence of staining identifies mutant embryos) and snail (blue) and, in addition, stained with an antibody against the phosphorylated form of Histone H3 (PH3; brown) for accurate developmental staging, using the spatiotemporal pattern of the mitotic domains as landmarks (Foe, 1989) . hkb::fog rescues posterior midgut invagination in the embryo in (D).
invaginates. The delay in furrow formation does not interfere with further mesoderm development. The consequence of the early mesodermal defects for viability is less easy to score, because loss of fog also results in the complete failure of posterior midgut invagination and gut morphogenesis. Mosaic studies have suggested that the function of fog at the posterior end is essential, whereas at least part of the ventral region may lack fog without fatal effects for the fly (Zusman and Wieschaus, 1985) . We tested directly whether fog function outside the posterior midgut primordium is essential for viability by creating a transgene that allows fog expression exclusively at the posterior pole under control of the huckebein promoter (Barrett et al., 1997) , and introducing this hkb::fog transgene into fog mutants. Such embryos show the typical delay in ventral furrow formation, but form a normal posterior midgut invagination (Fig. 1D) , extend their germ bands and develop into viable and fertile flies. This shows that fog is essential only for the invagination of the posterior endoderm, but is dispensable for the formation of the mesoderm as well as for all later steps of development.
Fog and Snail act in parallel pathways downstream of Twist
Whereas neither the reduction of snail function by half nor complete loss of fog function in the mesoderm leads to lethality, the combined reduction of gene activities does. fog mutant flies carrying the hkb::fog transgene show severely reduced viability if the dose of snail is halved. If, in addition, the dose of twist is reduced, no flies survive (Table 1) . We used two approaches to test whether this was due to defects during gastrulation rather than genetic interactions at later stages of development. First, if the lethality is exclusively due to the requirement for Fog during ventral furrow formation, viability should be restored if fog function is restored during this stage. We therefore constructed embryos that were heterozygous for snail, homozygous for fog, but in addition to the hkb::fog transgene also carried a transgene expressing fog in the ventral furrow (PE::fog). This additional transgene re-established viability in the fog/Y; sna/+ flies (Table 1 ). In line with previous conclusions (Morize et al., 1998) , this indicates that lack of gene function during early embryogenesis rather than at later stages had been responsible for the observed lethality.
We also investigated the phenotype of the mutant embryos. The defects during ventral furrow formation in fog/Y; sna/+ embryos were drastically worse than those in either fog/Y or sna/+ embryos (Fig. 2) . Thus, although fog function in the ventral furrow is normally dispensable for viability, it becomes essential when the dose of Snail is reduced, indicating that ventral furrow formation is controlled in a redundant manner, with Snail and Fog acting in parallel pathways.
Identification of genomic regions required for proper formation of the ventral furrow
We sought to identify additional Twist targets by a screen for subtle defects in ventral furrow formation. Since this requires detailed comparison of fixed and stained embryos from narrowly timed, large egg collections (see Section 5) precluding large scale mutagenesis experiments in which thousands of stocks need to be kept, processed and screened, we screened the 'deficiency kit', a collection of approximately 200 stocks that are heterozygous for large deletions, each uncovering up to 1% of the genome (Poulson, 1937) . Only eight genomic loci are necessary to allow the zygote to develop normally up to gastrulation (Merrill et al., 1988) . Any defects seen during gastrulation in embryos that are homozygous for a particular deletion can, therefore, be assumed to be the direct effect of the loss of a gene in this region, rather than a secondary effect of earlier failures in development. The X chromosome was not screened since it had previously been shown that the only zygotic genes on the X chromosome involved in early embryonic morphogenesis are folded gastrulation and nullo (E. Wieschaus, pers. comm., Merrill et al., 1988; (Postner and Wieschaus, 1994; Mü ller et al., 1999) ). We used antibodies against Twist and Even-skipped to analyze narrowly staged (2-3 h AEL) collections of embryos.
Possible genes required for gastrulation located near twi or sna cannot be identified directly by observing deficiencies in these regions, as the effects would be obscured by the sna or twi mutant phenotypes. We therefore introduced transgenes of twi or sna into the mutant stocks to be able to observe homozygous mutants in which the function of sna or twi had been specifically reconstituted (see Section 5). In both cases, the homozygous mutant embryos underwent Females that were homozygous for fog 4a6 and carried the hkb::fog transgene were crossed to males that carried the indicated mutations or deficiencies over a Balancer. The male progeny of these crosses (hemizygous for fog 4a6 ) have no fog function in the mesoderm, whereas the females have a functional copy of fog; half of each group is heterozygous for the other mutation or deficiency being tested, the other half carries the Balancer. The percentage of survivors carrying the deficiency or mutation was scored in each group. The deficiencies for snail and twist were Df(2L)TE116GW11 and Df(2R)S60.
normal gastrulation (not shown), indicating that no other genes required for furrow formation were uncovered by these deficiencies.
We found no other regions of the genome that were essential for ventral furrow formation. While this screen only covered 85% of the autosomal genome, we nevertheless consider it very unlikely that further genes with essential functions in furrow formation remain to be found. A similar screen, giving lower resolution but higher coverage did not find any additional loci ((Mü ller et al., 1999) A. Mü ller and E. Wieschaus, pers. comm.), but we realize that neither screen assayed small regions of the genome directly proximal to the centromeres. However, none of the many other screens conducted in Drosophila have ever identified any likely candidates for such genes (which would be lethal), suggesting that apart from Snail there are no individually essential zygotic components involved in ventral furrow formation.
We identified four autosomal regions containing functions contributing to ventral furrow formation, defined by six deficiencies. The cytogenetic interval 24C3-8 is defined by the overlap of Df(2L)sc19-8 and Df(2L)ed dp, interval 71C3-E5 by Df(3L)BK10, interval 77D1-F1-5 by the overlap of Df(3L)ri 79c and Df(3L) rdgC co2 , and interval 97A-98A by Df(3R)Tl P (Fig. 3) . In all four cases the invagination of the mesoderm of homozygous deficient embryos was delayed and less well coordinated than in wildtype embryos. However, in none of the deletions was the invagination of the mesoderm entirely abolished. The observed defects were transient and the mesoderm eventually invaginated completely. The mutant phenotypes were specific for the mesoderm since disturbances of other early morphogenetic events, such as cellularization or germ band extension, were not detected.
Genetic interactions of the identified deficiencies
The genes whose loss is responsible for the defects observed in two of the regions have been identified as the cell cycle regulators tribbles (cytogenetic interval 77D1-77F5) and frü hstart (1C3-E5) ( 2000; Grosshans et al., 2003) . Both are necessary to delay cell division in the mesoderm until its invagination has been completed. However, in the absence of cell division, tribbles and frü hstart are not required, and thus do not contribute to ventral furrow formation per se (Seher and Leptin, 2000) . No abnormalities in cell cycle regulation, differentiation, gene expression patterns or cell architecture were observed in embryos that were homozygous for the other two genomic intervals identified. The mutations therefore affected only the early morphogenetic activity of the mesoderm, and not its later differentiation. The early defects resemble the situation in fog mutant embryos, in that no specific aspect of the activities of the prospective mesodermal cells is completely blocked. Rather, they seem to be slowed down and less well coordinated. The gene uncovered by Df(3R)Tl P was shown to be t48, which will be described in detail elsewhere (Kö lsch et al., 2007) . Mutants in t48 are viable, confirming the redundancy of the gene in the mesodermal developmental pathway. The gene uncovered by Df(2L)sc19-8 and Df(2L)ed dp remains to be identified.
If, as we postulated, the factors that control the invagination of the mesoderm act redundantly, mutating two or more genes should result in an enhancement of the phenotypes of the single mutants or, in the most extreme case, in the complete absence of ventral furrow formation. However, embryos that were homozygous mutant for any pair of the deficiencies, or that were simultaneously homozygous for Df(2L)ed dp, Df(3R)Tl P and tribbles showed no stronger defects than the single mutants. We did not create quadruple homozygous mutant embryos, for the following reasons. First, the low vitality of the quadruple heterozygous parents made this impossible. Second, we suggest that the triple mutant of Df(2L)ed dp, Df(3R)Tl P and tribbles represents the same phenotypic situation as a quadruple mutant also including Df(3L)BK10 or frü hstart would, because two of the uncovered genes, tribbles and frü hstart, affect the same process (cell division in the mesoderm primordium) and show no redundancy in their function. Thus, the triple mutant disrupts all of the processes affected by the individual mutations, and still does not reproduce the mutant phenotype of twist or snail mutant embryos. The deficiencies also did not reduce the viability of homozygous fog mutants carrying the hkb::fog transgene in the way that snail did ( Table 1 ), suggesting that none of them alone could account for this effect of snail mutations. However, we did observe an exacerbation in the delay of mesoderm invagination when the fog and Df(3R)Tl P mutations were combined. Strong defects were seen if embryos were simultaneously mutant for fog and Df(3R)Tl P , or if the dose of fog was halved and embryos were also homozygous for Df(3R)Tl P . Cell shapes in the mesoderm primordium of these embryos appeared highly abnormal, and the cells were not fully internalized until after the first mesodermal cell division (Fig. 4) . The extreme delay in the invagination and the absence of normal cell shape changes in the double mutant show that Df(3R)Tl P uncovers a gene that acts together with fog in a redundant manner to enable the invagination of the mesoderm. These defects are reproduced when a small deficiency deleting the gene t48 is used instead of the large deficiency Df(3R)Tl P . It is striking that the mesoderm in the double mutant embryos succeeded in establishing a cell layer on the inner side of the ectoderm in spite of the severe disruptions in ventral furrow formation. This had also been observed in tribbles mutant embryos, but the disruptions we show here are even more severe. Thus, surprisingly, an orderly progression through the sequence of cell shape changes seen during ventral furrow formation appears not to be essential for the establishment of the mesodermal germ layer, which is probably directed by FGF-mediated attachment and migration of mesodermal cells on the ectoderm.
Ventral furrow formation without Twist activity: replacement of Twist function by its target genes snail and fog
The nature of the phenotypes observed in the mutants isolated in the screen, together with results from similar efforts in other laboratories ((Mü ller et al., 1999) , A. Mü ller and E. Wieschaus, pers. comm.) make the existence of other zygotic genes essential for ventral furrow formation unlikely. Thus, apart from the essential function of Snail, there appear to be several non-essential genetic processes contributing to early mesoderm morphogenesis downstream of Twist, including that of Fog. This raises the question whether the genes that have been identified so far are sufficient to execute the programme of cell shape changes controlled by Twist, in particular, to what extent its effects are mediated by Snail and Fog alone. If these two factors are the only targets of Twist mediating the invagination of the mesoderm, they should be able to rescue the defects in twist mutants. Indeed, it has been shown previously that raising the level of either Snail or Fog in twist mutants ameliorates the defects (Ip et al., 1994; Morize et al., 1998) , but it has not been demonstrated to what extent, and whether their combination is sufficient to generate a ventral furrow. To test this we used constructs that allowed us to express fog and snail in the absence of twist by fusing the fog and snail coding regions to a part of the twist promoter (Ip et al., 1994; Jiang et al., 1991; Jiang and Levine, 1993) . We tested the capacity of these constructs (named PE::fog and 2xPE::sna) to rescue the phenotypes of fog and snail, respectively. Both constructs were able to rescue the mesodermal defects of the corresponding mutants ( Fig. 5 and (Maggert et al., 1995) ). Specifically, Snail was After its first phase of expression in the mesoderm, Snail is normally activated in the neuroectoderm in the progenitors of the central nervous system. This expression becomes detectable during germ band extension as the expression in the mesoderm begins to fade (A,C). The lack of snail expression in the ectoderm identifies embryos homozygous mutant for snail (B,D). The expression of snail in the mesoderm of these embryos is due to the expression of the transgene. Mesoderm invagination in such embryos is fully restored. Older homozygous Df(2L)TE116GW11 embryos (D) nevertheless look morphologically abnormal, presumably because of the failure of neurogenesis, for which snail and its paralogs escargot and worniu are required, all of which are deleted in the deficiency used here (Ashraf et al., 1999) . (C,D, insets). Optical section at the level of the midline at higher magnification. Eve-positive midline neurons are seen in the wildtype butnot in the snail mutant. (E-G) Expression of fog in mutant and transgenic embryos. RNA in situ hybridization with a Dig labelled RNA probe on (E) wildtype, (F) twist
EY53
, or (G) twist EY53 embryos carrying the PE::fog transgene. The mesodermal expression of fog in twist EY53 mutant embryos is abolished. Wildtype levels of fog can be restored by the PE::fog transgene. Fig. 6 . Effect of expression of snail and fog in the mesoderm of twist mutant embryos. Top row, whole mount embryos stained against Eve. Six stages of gastrulation were defined by the position of the Even-skipped stripes (of which the first four are shown). The positions of the Eve stripes depend on morphogenetic events unconnected to ventral furrow formation. This allows the analysis of precisely the same stages in wildype embryos and mutants with perturbed mesoderm invagination. The bars below indicate the trunk regions from which transversal sections were analysed. Rows 2-7, cross sections of wildtype, snail twist double mutant (Df(2L)TE116GW11 Df(2R)S60) and twist EY53 mutant embryos, and twist EY53 mutant embryos expressing the indicated transgenes. The developmental stages of the sectioned embryos correspond to those of the whole mount embryos above. Rows 2-4, the comparison of wildtype and and twist mutants shows the range of residual morphogenetic movements in the mesodermal primordium of embryos without twist activity. This residual activity is due to the twist independent initial expression of snail, as indicated by the comparison to snail twist double mutants. For more details see text. Rows 5-7, twist EY53 mutants expressing the PE::fog and 2xPE::sna transgenes show cell shape changes or even invagination of the mesodermal primordium. The latter requires the activities of snail. For more details see text. Cell outlines were traced by hand to visualize cell shapes more clearly. The original photographs without tracings are shown in Supplementary Figure 2. able to repress its ectodermal target genes within the mesoderm (not shown).
To allow a precise evaluation of the effect of the Fog and Snail transgenes in twist mutants we first documented the twist mutant phenotype using a scoring system for the quality of the furrows (Figs. 6 and 7) . It is particularly important to be able to judge the age of the embryo. Since gastrulation movements are extremely fast during this period, and shapes change within minutes, even the most precisely timed egg collections contain too large a range of developmental stages. We therefore used the position of the pair-rule stripes marked by staining for Evenskipped as an internal measure for developmental age. These stripes are shifted by the movements of germ band extension (cf. Fig. 6, top row) and provide a precise readout of developmental timing.
Mesodermal morphogenesis in twist mutants is variable, ranging from embryos that show no detectable furrow to embryos showing regions with clear invaginations, albeit with highly abnormal cell shapes (Fig. 6) . Cells become narrow at their apical ends and the nuclei may move towards the basal side, but strong constrictions are not seen, nor does apical flattening occur. The outer surface of the furrow is therefore never smooth. Coordinated cell behaviour along the whole length of the ventral side of the embryo leading to the characteristic structure of the furrow was never found in twist mutants.
twist mutant embryos, although unable to form any mesoderm, show a characteristic residual invagination of the mesodermal primordium (Ip et al., 1994; Leptin, 1991; Leptin and Grunewald, 1990) , which is transient and irregular. Twist mutants show residual snail activity deriving from an early, transient burst of Twist-independent expression of snail in a narrow band of mesodermal cells Leptin, 1991) . When this residual expression is abolished in snail twist double mutants (Fig. 6 , third row) no signs of furrow formation can be seen (Ip et al., 1994; Leptin and Grunewald, 1990) . Thus, low levels of Snail are able to induce weak cell shape changes in the absence of Twist.
The expression of high levels of Snail resulting from the 2xPE::sna transgene caused a significant improvement in ventral furrow formation in twist mutants. Most notably, furrows were regular and often so deep that cells from the two sides of the furrow faced each other with tightly apposed apical surfaces (Fig. 6) . Cells showed clear apical constrictions and ventral nuclei moved away from the apical side of the cells. However, the furrows formed later than in wildtype embryos and were transient, as seen from the statistical evaluation of a large number of sections (Fig. 7) . Although in more than half of the cases the sections of twi; 2xPE::sna embryos showed a deep furrow by stage 2, these furrows had mostly disappeared by stage 3.
When Fog was expressed in the mesoderm of twist mutants, apical flattening of the mesodermal cells was restored, consistent with previous reports that expression of fog in blastodermal cells is sufficient to induce flattening (Morize et al., 1998) . In addition, apical constriction was enhanced. The furrows in twi; PE::fog embryos thus look more regular with smoother apical surfaces than in twi mutant embryos and in many embryos the cells take on shapes that resemble the normal cell shapes seen in early wildtype ventral furrows (Fig. 6) . It is important to remember that the observed furrows are the result of Fog in combination with the low level, Twist-independent, early Snail expression. When Fog was expressed in sna twi double mutants, no shape changes were observed (not shown), as has also been observed for fog expression in snail mutant embryos (Morize et al., 1998) . This suggests that Snail is a permissive factor for induction of cell shape changes by Fog.
Finally, in twist mutant embryos expressing both transgenes together, a much larger number of embryos show deep invaginations of the mesoderm primordium. These are formed earlier than in embryos with only one transgene and they last longer (Figs. 6 and 7) . Cells show the typical morphological characteristics of invaginating ventral furrow cells, such as strong apical constrictions and movement of the nuclei away from the apical sides of the cells. However, the furrows still appear later than a wildtype ventral furrow, and eventually disappear, cells failing to make contact with the basal side of the ectoderm (a process dependent on two Twist targets, htl and dof, that are not expressed in these embryos). Consistent with this, we find that the defects in embryos lacking all function of Snail and Fog are not as strong as those mutant for snail and twist (not shown), indicating that Snail and Fog together do not account for all functions downstream of Twist. Conversely, Fog expression in the absence of snail and twist function (i.e. in snail twist double mutants) is unable to induce any cell shape changes beyond apical flattening.
In summary, this analysis shows that in the absence of twist function the activity of snail is able to direct some aspects of cell shape changes necessary to make an invagination, and the appearance of the furrow is accelerated if fog is also expressed. However, the stability and the timing of the mesoderm invagination are not fully restored, suggesting that these functions are mediated by additional Twist targets. In which way the genes uncovered by the deficiencies described above fulfill such a function can be tested in this system when the necessary reagents become available.
Discussion
Zygotic genes involved in ventral furrow formation
We have found that in addition to Twist, Snail and Fog, there are genes in four regions of the autosomal genome which upon deletion lead to abnormalities during ventral furrow formation. Is it likely that we have detected all zygotically active genes that participate in normal mesoderm invagination? Although our assay proved to be sufficiently sensitive to identify the mutants described above, it is conceivable that further genes with even less pronounced mutant phenotypes were missed. Further, genes with completely redundant functions, for example, because duplicates exist in distinct regions of the genome, might not give a loss-of-function phenotype. Such genes might be identifiable only via sophisticated genetic screens (modifier screens) or appropriate molecular approaches.
The loss of the genes uncovered by the deficiencies results only in a delay of furrow formation, and not in the complete failure of invagination. If these genes are Twist targets, there are different possible explanations for the mutants showing such weak phenotypes. The genes might control an essential process parallel to that controlled by Snail, but act in a redundant manner in the pathway, such that disruption of only one of their functions does not lead to the disruption of furrow formation. Alternatively, only the pathway controlled by Snail may be essential, with other genes acting in parallel affecting only the speed and efficiency of furrow formation. The severe phenotype seen in the double mutants of Df(3R)Tl P and fog as well as the enhancement of the fog phenotype by the loss of one copy of Snail argue for the latter scenario, i.e. two parallel pathways, both of which are essential.
snail and fog are sufficient to initiate mesoderm invagination
We have created embryos in which the function of the mesodermal transcription factor twist was replaced by two of its downstream targets, snail and fog. We have concentrated our analysis of these embryos on the first phase of mesoderm morphogenesis, during which cell shape changes internalize the prospective mesoderm. The subsequent epithelial-mesenchymal transition, cell division and cell migration depend on other Twist targets, such as string, htl and dof (Edgar et al., 1994; Shishido et al., 1993; Vincent et al., 1998) . As these are not expressed in the twist,-PE::fog;2xPE::sna embryos, this aspect of morphogenesis cannot occur in the reconstituted twist embryos.
The fog and snail transgenes had distinguishable effects in twist embryos. The PE::fog transgene induces the earliest event of the typical cell shape changes, apical flattening, and enhanced apical constrictions of ventral cells. By contrast, nuclear movement away from the apical cell surface was not significantly improved, nor was cell shortening observed. While the 2xPE::snail transgene also led to some improvement in apical flattening, it had additional effects. A larger number of cells showed distinctive nuclear movement, and a higher frequency of deep invaginations were scored, suggesting a role for Snail in releasing nuclei. With the combination of both transgenes nearly normal cell shape changes occurred which resulted in the formation of proper furrows in a substantial number of embryos. Specifically, many cells assumed the typical wedge-shape of ventral furrow cells, showing that snail and fog are sufficient to induce this shape in the absence of further Twist targets.
However, it appears that snail and fog cannot be the only targets downstream of twist to control mesoderm invagination. If they were, they should be able to replace twist function completely and fully restore furrow formation. We therefore conclude that besides snail and fog other twist target genes must exist which are necessary to orchestrate the formation of the ventral furrow in the accurate, fast and stable fashion in wildtype embryos.
The as yet unknown targets must be involved in those events which were not restored in twist,PE::fog;2xPE::sna embryos: the speed of the process, adhesion between apical surfaces, and cell shortening during invagination. The latter process occurs efficiently in snail mutants, confirming that it is not Snail-dependent (Leptin, 1991; Sweeton et al., 1991) . Since fog does not contribute to this process it is likely that one or more other twist targets are involved in cell shortening.
Conclusion
In summary, we have shown that the zygotic control of ventral furrow formation branches into separable functions downstream of Twist, the induction of the basic cell shape changes of ventral cells, and the control of the speed, accuracy and coordination of the shape changes. One of the known targets of Twist, the repressor Snail, is necessary to allow the shape changes to occur, whereas Fog and probably other Twist targets are responsible for accuracy and efficiency. Together, they ensure the rapid and regular formation of the ventral furrow. Ventral furrow formation may be an adaptation to the rapid early embryogenesis of long germ insects, serving to position mesodermal cells at a site where they can efficiently begin their FGF-dependent spreading on the inner surface of the ectoderm. The experimental system used here may be extended to test the function of the whole set of Twist targets, once they have been identified, for their ability to re-establish mesoderm invagination in the absence of Twist, and thereby reconstruct fully the pathway from a 'selector' gene to the cell biological processes it controls.
Materials and methods
Fly stocks
OregonR was used as the wildtype stock. Most of the fly stocks carrying autosomal deletions were obtained from the Bloomington Stock Center, Indiana, USA (Deficiency Kits for chromosomes 2 and 3 (DK2 and DK3)) and are described in FlyBase (http://flybase.bio.indiana.edu/). Additional fly stocks with deficient chromosomes, single mutations or Pelement insertions were obtained from T. Hummel & K. Schimmelpfeng (Klämbt-Lab, Germany), the European Stock Centers in Umeå, Sweden and Szeged, Hungary and from the stock collection of the MPI, Tü bingen, Germany. The twist null allele used for the analysis of twist function was twi[EY53] and was obtained from the stock collection of the MPI, Tü bingen, Germany. The snail null allele used to test the 2xPE::sna construct was Df(2L)TE116GW11. The snail twist double null mutants used for comparison to twist mutants carried a double deficient chromosome of the genotype: Df(2L)TE116GW11 Df(2R)S60. The latter three stocks were obtained from R. Reuter, Tü bingen, Germany. The amorphic allele of folded gastrulation to test the PE::fog construct was fog[4a6] and obtained from E. Wieschaus, Princeton, USA. The stock carrying the 2xPE::sna construct was obtained from Ip et al. (1994) .
Molecular genetics
The PE::fog transgenic construct was generated from a 2.9 kb fog cDNA in Bluescript (Costa et al., 1994) and the 'pCaSper 2xPE beta Gal transformation vector' (=''2xPE vector'') (Jiang et al., 1991; Jiang and Levine, 1993) . The complete fog cDNA was excised from pBS using PvuII and inserted into the SmaI site of pSP72. It was re-excised from the vector with BglII and XbaI. This fragment was used to replace the BamHI-XbaI fragment containing the lacZ gene in the ''2xPE vector'' (Jiang et al., 1991; Jiang and Levine, 1993) . This construct was then used for germline transformation. The fog cDNA was a gift from Mike Costa and Eric Wieschaus. The hkb::fog transformation construct was built in the pW8 transformation vector. First, the 0.8 kb XbaI/PstI fragment of PE was inserted between the XbaI and PstI site of the pW8 polylinker, giving rise to pW8-SV40. The 1 kb EcoRI/PstI fragment of the hkb-promoter (2 kb upstream of the hkb transcription start) was inserted into pBS, and the PstI site was destroyed and converted to a KpnI site using linkers. The hkb promoter was re-excised from this plasmid with EcoRI and KpnI and inserted between the EcoRI and KpnI site of the pW8 poly linker in pW8-SV40, resulting in pW8-hkb-SV40. This vector was cut with KpnI and XbaI to accept a DNA fragment containing the heatshock basal promoter (a 0.4 kb XhoI/HindIII fragment) and the fog cDNA (a 2.9 kb HindIII/ XbaI fragment, which contains the polylinker fragment from EcoRI to XbaI of pBS after the 3 0 end of the fog cDNA). The huckebein cDNA was a gift from Brö nner et al. (1994) . Transgenic flies were generated by germ line transformation by standard methods (Rubin and Spradling, 1983) .
Antibody staining and RNA in situ hybridization
Embryo collections and whole mount antibody staining were performed as described elsewhere (Reuter et al., 1990) . We used the following antisera at the indicated dilutions: rabbit anti-Twi (from Roth et al., 1989, 1:4000) , rabbit anti-Eve (from Frasch and Levine, 1987, 1:5000) , monoclonal rat anti-N-Cadherin (from Iwai et al., 1997, 1:20) , rabbit anti-Dof (Vincent et al., 1998, 1:200) , rabbit anti-b-galactosidase (Cappel Research Products, USA , 1:5000), monoclonal mouse anti-Phospho-Tyrosine (#4G10, Deborah Morrison, 1:20). The presence of the antibodies in whole mount embryos was detected histochemically by using biotinylated secondary antibodies (anti-rabbit biotinylated, 1:500 and anti-rat biotinylated, 1:500, both from Dianova, Germany) and subsequent usage of the Vectastain ABC-Kit 'Elite' (Vector Labs., USA) with DAB (diamino-benzidine) as substrate. Stained embryos were transferred into Araldite as described previously (Leptin and Grunewald, 1990 ) and stored at À20°C. Embryos mounted in Araldite were examined under Zeiss microscopes with differential interference contrast optics. Photographs were taken using digital cameras (Kontron ProgRes 3008, Photometrix Quantix) and processed with Adobe Photoshop 5.5-7.0.
Standard protocols were used for in situ hybridization with digoxigenin-labelled RNA probes (based on Tautz and Pfeifle, 1989) .
Screening for mutant phenotypes
To be able to detect subtle and transient disturbances of ventral furrow formation it was important to use a sufficiently sensitive assay. We used antibodies directed against Twist and Even-skipped (Eve) to stain the embryos. The Eve expression pattern is useful to judge developmental timing independent of mesodermal behaviour (Fig. 1A, Fig. 3 , top, Supplementary Fig. 1 ). Eve is expressed in seven stripes in the ectoderm (Frasch and Levine, 1987; Ingham et al., 1988) whose spatial relationships to each other begin to change soon after gastrulation begins, due to the ectodermal movements during germ band extension. Furthermore, the first stripe of Eve is located in the cephalic furrow, which invaginates at the same time as the ventral furrow (Vincent et al., 1997) , and therefore, serves as a good temporal marker. The combination of these two antibodies provides a coordinate system of the blastoderm embryo that allows to detect irregularities of the invagination of the mesoderm and the specificity of putative mesodermal phenotypes in contrast to general morphological defects. Flies from each deficiency stock were reared in large numbers to allow the collection of sufficient embryos over one-hour collection periods. The embryos were then aged for another 2 h, fixed and stained, and embedded for detailed observation.
Embryo sectioning
Embryos embedded in Araldite were positioned and incubated over night at 60°C to polymerise the Araldite and sectioned with a Leica 2065 Supercut Microtome. Sections were mounted in Araldite, incubated again at 60°C over night and photographed as described for whole mount embryos.
Analysis of the enhancement of the embryonic phenotype of fog/Y by reduction of snail
To create fog/Y; sna/+ embryos while avoiding non-specific effects on the phenotype by additional transgenes we used unmarked stocks (+/Y ; sna/+ x fog/+; sna/+), and the sna genotype of the embryos was therefore, inferred from statistics. Embryos in a narrowly staged collection stained with antibodies against Twist and Even-skipped were sorted into age and phenotypic classes. fog-embryos were identified by their failure to make a posterior midgut invagination. From a collection in which 133 embryos were at the correct stage, 33 were phenotypically fog À , of which a randomly chosen subset of 19 were photographed and subsequently sectioned. Nine or ten of the embryos are expected to be sna/+, with the remaining embryos evenly split between +/+ and sna/sna. Five embryos (from the middle of the phenotypic range, and therefore most likely sna/ +) are shown in Fig. 2 . In a separate experiment the embryos were hybridized with an antisense probe for singleminded, which allows the unambiguous identification of the sna/sna embryos because singleminded is expanded into the mesodermal domain. When this was used to sort out the sna/sna embryos from among the fog/Y embryos the majority of the remaining embryos showed the same phenotype as those shown in Fig. 2 .
